on nonsandstone uranium deposits, one chapter is devoted to uraniferous coal resources. They concluded that by-product production of uranium from the burning or gasification of coal and lignite is economically borderline; recovery is technically problematic and the extent of the resource is relatively insignificant. Most known uranium-coal deposits are low in either uranium or heating value and are isolated from production centers.
They show an updated version of major uraniferous coal deposits which includes locations, tonnage, percent of U,0 g in the coal, and pounds of U_0 in the ash. The data indicate Chat about 95,000 tons of ILO Q is contained in 3730 million tons of coal.
Additional updated information on uranium in coal deposits lists numerous samples from the USGS national coal resources data system and includes 12 a large bibliography.
They conclude that only 1 to 3 % of the domestic uranium requirement can be met by processing coal ash, provided processing technology can be developed for uranium recovery at acceptable costs.
There is a renewed interest in lignites and possibly uranium as a source were taken at least 3 ft from any exposed edge or outcropping that would have been subject to weathering or leaching by wind and rain. Because the highest concentration of uranium was in the top portion of the bed, only the top portion of the seams were included in the bulk samples after first removing the final overburden by hand. Thus it was fairly certain that the samples contained no extraneous mineral matter and that the complete upper portion of the top seam was included.
Tha bulk samples were crushed to -4 mesh, quartered, riffled, and submitted for analysis. Portions were air dried and ground to -20 mesh for leaching and roasting studies.
Proximate and ultimate analyses wer« made to characterize the lignite samples as to their rank (Tables 1 and 2 ). Compared to a typical lignite, the moisture and ash contents were somewhat high and the fixed carbon and volatile matter were low. Also, the samples were low in carbon and hydrogen and high in oxygen. According to Table 3 , the tar yield and heating value of the samples were on the low side.
The uranium content (dry basis) varied from 0.047% for the North Dakota s^ pie to 0.007% for the subbituminous Wyoming sample. The group of east-side South Dakota samples was generally lower in uranium content than those from the west side -0.007 to 0.013% as compared with 0.010 to 0.032%.
The noncarbonifcrous material was mainly composed of analcite, jarosite, gypsum, clay minerals, and quartz. The major inorganic constituents in the samples are discussed later in the section pertaining to the ash.
Distribution of Uranium
Numerous tests were made to determine whether the uranium was associated with the organic matter or with any of the mineral constituents in the lignite.
The most graphic test (Table 4) shows very clearly that Uhe uranium is not associated with any of the major mineral constituents but definitely concentrates in the organic-rich fraction. To make these tests, a petrographer* handpicked small amounts of the major minerals from a large batch of airdried lignite and analyzed them for uranium.
It was later established that 93% of the uranium in a typical lignite taken from the Mendenhall strip mine, Harding County, South Dakota, was present in the form of organouranium complexes or ionic organouranium com-14 pounds that are soluble at a pH <2. 18 .
Only about 1% of the uranium was held by ion exchange, and over 98% of the uranium was soluble in hot 6 N_ HC1.
Banaficiation
Several techniques -screen analysis, sink-float, air classification, and flotatioa -were tested in an attempt to concentrate the uranium or remove part of the reagent consuming materials. None of these methods showed any promise.
Direct Treatment of Raw Lignite
About 75% of the uranium could be extracted from raw (-14 mesh) lignite at ambient temperatures with mineral acids. At 80°C, recoveries were 10 to 15Z higher. Fig. 1 shows the data for sulfuric acid, which was slightly better than nitric, hydrochloric, or phosphoric acids. In these singlebatch tests, large quantities of acid were required for maximum solubility (M000 lb H 9 S0, per ton of lignite). This consumption could be reduced considerably by using a cyclic leach process, but acid requirements based * Dr. T. N. McVay, Bureau of Mines, Tuscaloosa, Ala.
on uranium recovered were still excessive for most of the samples tested ( 
Treatment of Char
The dissolution of uranium from samples of char, prepared by retorting lignite under reducing conditions at 500 to S00°C with mineral acids was only 5 to 10% (Table 6 ). Recoveries were not improved by the addition of oxidants during leaching. However, if the char was given an oxidizing roast at 500°C prior to leaching, a carbon-free ash was produced from which 80 to 85% of the uranium was extracted by leaching with water.
Although uranium in raw lignite is almost completely soluble in both dilute acid and carbonate solutions (data not included), almost complete removal of carbon is required for optimum leaching efficiency of burned lignite. This is also true for the extraction of uranium from carbonaceous material associated with sandstone ores. '
Preparation and Leaching of Ash
Major emphasis was placed on developing methods to recover uranium from lignite ash rather than raw lignite. Roasting concentrates the uranium significantly, thereby reducing the size of the leaching facility for an equivalent uranium throughput, and reduces the acid requirement. Removal of organic matter also greatly simplifies recovery of uranium from the leach liquors.
A standard roasting or burning procedure was adopted that gave definite and reproducible material in our laboratory tests. However, a relationship to a given fire-box temperature in a large furnace was never established.
In our tests, the ash samples were usually prepared by spreading raw lignite in a thin (0.25 to 0.5 in.) bed on a tray in a muffle furnace with the controls set at the desired ashing temperature. Measurements with an imbedded thermocouple during burning indicated that combustion caused the temperature of the burning lignite to exceed that of the furnace. For example, as shown in Table 7 , at a furnace setting of 400°C, measured bed temperatures anproached a maximum of 565°C; some particles may have reached higher temperatures as evidenced by a bright red glow, which indicated temperatures of ^700°C.
Unless otherwise noted, the temperatures in this paper are furnace settings.
A burning or roasting time of 1.5 to 2 h in air was required to burn off the carbon at 400 to 800°C. Longer times were required with deeper beds.
In screen analysis and air-classification studies of lignite ash produced under oxidizing conditions at temperatures of 500, 800, and 1000°C, the uranium (and molybdenum) tended to concentrate in the fine sizes of the 500°G ash. As the temperature was raised to 800°C, increasing percentages of both elements appeared in the coarser sizes. At 1000°C, the ash had aggregated to a largo extent. The data suggest that the uranium originally held in the lignite by organic matter, upon burning, becomes an inherent part of the rather uniform fine ash fraction. As the burning temperature is increased, the uranium becomes refractory by physical or chemical interaction v/ith the fine mineral constituents. Simultaneously, the fine particles begin to aggregate, distributing more and more to the coarser fractions as the temperature and heating time increase.
Most of the lignites tested formed an acidic ash when roasted at a low temperacure (400 to 500 a C), and ^75% of the uranium in this ash was water soluble (Table 8) . Sulfur oxides, which are formed from the oxidation of sulfides in the raw lignite, may react to form sulfate salts.such as ferric sulfate. A water leach will dissolve these salts and become acidic due to hydrolysis of the metal ion. In fact, dilute solutions of ferric sulfate have been successfully used for leaching constituents from ores in several hydrometallurgical processes. '
As the temperature was increased to "-800°C, the acid-forming sulfate salts decomposed and the ash became basic, but the uranium was still readily soluble in dilute acid (Table 8) . At 1000°C, the ash became more basic, the uranium became more refractory due to the formation of stable silicates, and recoveries dropped to ^50% with dilute acid. These refractory silicates are not attacked by the common leaching agents and, once formed, only complete destruction (e.g., with fluoride compounds) will open up the mineral and allow recovery of the uranium.
As the lignite is burned, sulfate is lost from the material through both decomposition and reduction, as shown in Table 9 . The reactions that occur during roasting of lignite are similar to those which occur during 20 the roasting of oil shale.
A very important difference, however, in a low-temperature roast (400 to 500°C) of shales and lignites is that the length of the roast time required in the lignite treatment to t'orm an acidic ash in which the uranium can be extracted into water is only 1.5 to 2 h as compared to 10 to 15 h for shales. This is encouraging from a process standpoint and offers an attractive processing route for recovery of uranium from uraniferous lignites that should be explored further.
When the lignite roasting temperature was increased to 800°C, the acidic constituents were decomposed and the ash became basic. However, 70 to 80%
of the uranium could still be extracted into dilute sulfuric acid from any of the lignites even though large quantities of acid were consumed in some cases. The approximate quantities of acid consumed by each sample under conditions selectod for nearly maximum uranium recovery are shown in Table 10 .
As with the raw lignites, the greatest acid consumers were the Slim ButtesEast and the Wyoming samples. These data are plotted in Fig. 3 to show the effect of ore grade on acid consumption. As the concentration of uranium in the lignite decreased below about 0.6 lb per ton of ash, the acid requirement increased dramatically. Table 11 show.3 the important inorganic constituents in the 800°C ash samples in which the uranium has been concentrated by a factor of about 4 from 0.06 to 0.6 Jb/ton in the air-dried raw lignite to 0.24 to 2.7 lb/ton in the aah. 'Iso, significant concentrations of molybdenum and aluminum are present that may be recovered as by-products, thereby improving the economics of uranium recovery=
The metal cations contributing to the consumption of acid were determined for most of the samples. The quantities of these elements dissolved and their equivalent quantities of sulfuric acid are shown in Table 12 for representative samples from each location. The calculated consumptions of acid are in good agreement with titration measurements considering that no iliow.inco w.i.; r.mde for consumption by calcium minerals which reacted but remained in the resicluo as calcium sulfate.
Aluminum compounds wecu by far the largest consumers of ncid. In the examp Les shown, 57 to 86X of the consumed acid can be accounted for by the react ion with aluminum. A significant amount of the aluminum present in the ash was dissolved and could be recovered as a by-product. For example, 50 and 84% of the aluminum were dissolved from ash samples Wyo-2 and -92
respectively. This aspect is d iscussed in more detail the section on byproduct recovery.
If uranifcrous lignite were to bf. used as a power plant fuel, the burning tvmperaure would obviously be maintained at the highest acceptable level, possibly in the range of 1200 to l'iOO"C. Thus, a few seouUirfi tests were made for short periods at temperatures as high as 1^00°C. The results described iu 1'ahle 13 show that 70 to 80% of the uranium can be extracted with dilute suLfuric acid from ash subjected to temperatures as high as 1400°C if the exposure time was only 15 to 60 s. Samples heated for 5 min at 1200°C were sin'ered and the uranium become more refractory ('*-60% recovery). When the temperature was raised to l300°C the sample became molten after a few minutes.
These results were very encouraging, because they indicated the possibility of flash burning of the lignite at a high temperature (.such as that reached by a power plant fuel) without causing the uranium to become refractory. To test this theory a small, gas-fired burner was designed and built.
Raw Representative samples of the lignites were burned in the furnace at 1000° to l&00°C in air and at 1300°C in a 50% air-502 oxygen stream. In general, 70 to 80/« of the uranium from all the ash samples was readily soluble in dilute sulfuric acid (Table 14) . The acid requirements were quite high, mainly due to the Joss of sulfur during burning and partly to the formation of soluble iron and aluminum compounds. As described below, this may be overcome to a largo degree by recovery and recycle of the sulfur compounds from the off-or flue gases.
Combustion was essentially complete at 1000 to 1400°C. The lower limit of burning is probably 1000°C as shown by a higher percentage of carbon (M to 3%) in the ash and as evidenced by visual observation of the burning.
At i400°C, M5% of the recovered ash was slag. This slagging was thought to be caused by an accumulation of dust on the burner walls, which became molten and dripped from the burner, rather than by actual fusing of the free falling particles.. The upper limit for burning, 1300 G C, is apparently optimum.
The amount of oxygen present during burning xs very important, not only to the rants and degroe of combustion, but to the formation of acid consumers in the ash. For example, as the temperature was raised from 1000 to 1400°C (in air), the percentage of sulfate in saniple-109 ;ish dropped from 17 to 5, and the acid consumed during the subsequent leach increased from 614 to 830 lb H.SO./ton. When the sample was burned under moreoxidising conditions (50% O~-50% air) the sulfate was more, stable and most of it remained in the ash (17X, compared to 11% in air at 1300°C). In this case acid consumption was only 400 lb/ton.
Molybdenum extraction values are also included in Table 14 . Higher recoveries were obtained at the higher burning temperatures and from the most completely oxidized ash. The data also suggest that molybdenum requires more free acid for dissolution than does the uranium.
Under the same conditions, some, of the lignite samples did not burn as completely as others. The temperature and degree of oxidation need to be adjusted for the type of lignite being burned to optimize recoveries of uranium and potential by-products (molybdenum, aluminum). A major problem for a large commercial roaster or burner is control of the combustion temperature and rapid dissipation of the heat to minimise sintering and slagging.
Utilisation of Sulfur Dioxide from Flue Gas
Flue gases from the burning lignite normally contain significant quantities of sulfur dioxide. In the samples tested, the amount of SO,, released during burning was, on the average, equivalent to ^300 1b H-SO, par ton of ash. It was known that SO. in aqueous solution may be oxidized to sulfate by air 19 20 in the presence of metal ions. ' Thus we made a few scouting testa in which synthetic flue gas, prepared by mixing air-N^-SO^-CO. in the proportions usually found in typical flue gases, was bubbled through a slurry of ash and water for various times and temperatures. These preliminary tests showed that SO_ was readily oxidised and converted to sulfuric acid on contact with the slurry (Tabla 15).
A. 1-h addition of synthetic flue gas containing SO ? equivalent to 1000 1b H SO per ton of ash to a leach slurry consisting of 1150°C Wyo-1 ash and water at room temperature produced a filtrate pH of 2.5 and a so.1 utilization of 25% of the uranium. The sulfate content of the filtrate was 7.5 g/t, or ^300 lb K_SO, per ton of ash. Prolonging the leaching time from 1 to 5 h resulted in only a slight increase in uranium solubilization to 35%, whereas raising the temperature to 95°C produced a sizeable increase in sulfuric acid ("\400 lb/ton) and uranium dissolution (54%). A 3-h leach at 95°C resulted in 65% dissolution of the uranium, which is equivalent to that obtained by leaching the sample with sulfuric acid (Table 10) . Additional 6-h, 85°C tests confirmed that air (or oxygen) is necessary to convert the SO 2 to acid. In these tests only 30 to 40% of the S0 9 was converted to sulfuric acid, and tha control and measurement of the S0_ flow was not as good as desired.
We made a few additional tests using very accurate measuring methods for the flow, particularly that of the SO which was measured with a calibrated, pressure-difEertmtial device. Sodium hydroxide scrubbers containing hydrogen peroxide were used to measure any SO. that escaped the leach vessels so that we could obtain a material balance over the system. These, data (Table 16) show that about 40% of the SO was absorbed in a single leach when the quantity of S0_ (7 cc/min x 60 min) evolved during the burning of Wyo-l at H50°C was passed through the leach slurry. In this test, ^14% of the uranium v,»s solubilized and an equivalent of 135 lb H.jSO^ per ton of ash was analyzed in the filtrate. An additional leach of the ash with 300 lb ILSO^/ton increased the recovery to 53%.
Increasing the SO-flow by 50% while; maintaining a constant air flow rate at 450 cc/min did not result in an improvement in 30-conversion or in uranium extraction. However, when the amount of air was increased and the leaching time extended to allow more time for oxidation, 58% of the S0 0 was absorbed and over 40% of the uranium was sol.ubilized. It is rather apparent that these tests were limited by inadequate oxidizing conditions. Also, S0 o absorption tends to df.tease as the pH decreases.
So that process efficiency couid be improved, a series of tests was made in which the flue gas was cycled through five consecutive leach slurries.
In these tests, 96% of the S0_ was absorbed and V5O7, of the uranium was solubilized without additional acid.
These tests, although limited in scope, were very encouraging and indicate that a large part of the acid requirement for uranium recovery may be obtained from the lignite itself. To determine whether these reactions can be utilized on a practical operating basis with actual flue gases will require much additional work. Such a process would also help relieve the environmental disposal of sulfur dioxides in the plant.
Product Recovery and By-product Possibilities
Recovery is not complete rntil the uranium is recovered from the leach solutions and converted to a relatively pure U o 0 product that is acceptable J O to uranium refineries that produce UF,. Our work on lignites was halted before we had an opportunity to study this part oE the problem. However, it was studied at several other laboratories ' and during the intervening years a very large amount oE information has been accumulated on the recovery of uranium and other metal values from similar solutions using solvent extraction and ioa exchange techniques. The front end, which includes mining, ore preparation, burning, leaching, thickening and/or filtration of the leach slurry is considered to be the most cost-intensive part of a process scheme.
Recovery o£ uranium from clean liquors should be relatively simple and inexpensive.
The quantities and composition of coal and lignite residues or ash make this material a potentially valuable resource for numerous important metals in addition to uranium. These include molybdenum, aluminum, and iron plus a number of other metals that are present in trace quantities.
21-25 Several investigators
are currently evaluating various methods for recovering these products from commercial coal wastes, and a similar program has begun on Chattanooga oil shale leach solutions. The major goal of these studies is to determine the economics of by-product metal recovery.
Basad on the cost of energy generation from lignite at $0.30/10 Btu and current spot prices for uranium, molybdenum, aluminum, and iron, the value of 1 ton of ash is $119 (Table IV) Although total recovery, as shown in Table 17 , cannot be achieved, such an analysis indicates some of the advantages of co-recovery of thermal energy and metal values.
Summary and Conclusions
Our studios showed that uranium :?n raw lignite is associated with the organic matter and is readily soluble in acid (and carbonate) solutions.
However, treatment: of raw lignite did not, and does not now, appear to be attractive because reagent consumptions are high, liquid-solid separations arc difficult, and the liquor is fouled by organic matter. Jienef iciation techniques were not successful for concentrating the uranium or removing part of the reagent-consuming materials.
Once the lignite was heated by roasting, retorting, or charring, the uranium became much less soluble, in both acid (and carbonate) solutions, and essentially complete removal of carbon was required to convert it back to a soluble form. Proper burning (with respect to time, temperature, and oxidizing conditions) tends to improve acid-leaching efficiency; that is, it reduces the reagent consumption and concentrates the uranium, thereby reducing plant size for comparable uranium throughput, and it eliminates organic, fouling of leach liquors. Restrictions are necessary during burning to prevent the uranium from becoming refractory. In general, although a prolonged roasting time has a beneficial effect on the uranium extractability of a low-temperature (500°C) ash and no appreciable effect on a medium-temperature (800°C) ash, it has a definite detrimental effect on a high-temperature (>1000°C) ash. When the lignite w.-is roasted or burned at 1000 to 1100°C for 0.5 to 1.5 h, the uranium extractions were erratic.
The general effect of increased temperatures (for rather long periods of time) was to decrease the availability of the uranium.
The most encouraging results were obtained by flash-burning lignite at 1200 to ]300°C and utilizing sulfur dioxide released during burning to supplement the acid requirement.
The major acid consumers were aluminum and iron. At the. time this study way made, these constituents were considered waste products; today, because of changing economics, such material is a potential resource, and co-recovery could result in significant cost savings.
It should be emphasized that the material tested in this study may not be completely representative of the average mineable material desired for power production. Ash can vary within rather wide limits, not only in its composition but also in its chemical behavior, depending on its history, the type of lignite, roasting time and temperature, previous dressing operations, etc. Before successful production of power can be coupled with the. economical recovery of uranium and other potential by-products, additional information is needed concerning the properties of ash produced in commercial lignitefueled power, gasification, and liquefaction plants. Ideally, a balance in operating conditions is needed to obtain maximum heating values, or gaseous or liquid products without causing excessive uranium refractory.
These results do not agree with current information, which states that uranium recoveries are impaired at temperatures of 600°C.l-l
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